Dark matter is the dominant form of matter in the Universe, but its nature is unknown. It is plausibly an elementary particle, perhaps the lightest supersymmetric partner of known particle species 1 . In this case, annihilation of dark matter in the halo of the Milky Way should produce c-rays at a level that may soon be observable 2,3 . Previous work has argued that the annihilation signal will be dominated by emission from very small clumps 4,5 (perhaps smaller even than the Earth), which would be most easily detected where they cluster together in the dark matter haloes of dwarf satellite galaxies 6 . Here we report that such small-scale structure will, in fact, have a negligible impact on dark matter detectability. Rather, the dominant and probably most easily detectable signal will be produced by diffuse dark matter in the main halo of the Milky Way 7,8 . If the main halo is strongly detected, then small dark matter clumps should also be visible, but may well contain no stars, thereby confirming a key prediction of the cold dark matter model.
Dark matter is the dominant form of matter in the Universe, but its nature is unknown. It is plausibly an elementary particle, perhaps the lightest supersymmetric partner of known particle species 1 . In this case, annihilation of dark matter in the halo of the Milky Way should produce c-rays at a level that may soon be observable 2, 3 . Previous work has argued that the annihilation signal will be dominated by emission from very small clumps 4, 5 (perhaps smaller even than the Earth), which would be most easily detected where they cluster together in the dark matter haloes of dwarf satellite galaxies 6 . Here we report that such small-scale structure will, in fact, have a negligible impact on dark matter detectability. Rather, the dominant and probably most easily detectable signal will be produced by diffuse dark matter in the main halo of the Milky Way 7, 8 . If the main halo is strongly detected, then small dark matter clumps should also be visible, but may well contain no stars, thereby confirming a key prediction of the cold dark matter model.
If small-scale clumping and spatial variations in the background are neglected, then it is easy to show that the main halo would be much more easily detected than the haloes of known satellite galaxies. For a smooth halo of given radial profile shape, for example that given in ref. 9 by Navarro, Frenk and White (NFW), the annihilation luminosity can be written as L!V 4 max r half , where V max is the maximum of the circular velocity curve and r half is the radius containing half the annihilation flux. (For an NFW profile r half 5 0.089r max , where r max is the radius at which the circular velocity curve peaks.) The flux from an object at distance d therefore scales as V 4 max r half d 2 ð Þ, whereas the angular size of the emitting region scales as r half /d. Hence, the signal-to-noise ratio for detection against a bright uniform background scales as S=N !CV 4
. The constant C depends only weakly on profile shape (see Supplementary Information). For the cold dark matter (CDM) simulation of the Milky Way's halo we present below, V max < 209 km s 21 , r max < 28.4 kpc and d < 8 kpc. Using parameters for Milky Way (MW) satellite haloes from previous modelling 10, 11 , the highest S/N is predicted for the Large Magellanic Cloud (LMC), for which V max < 65 km s 21 , r max < 13 kpc and d 5 48 kpc, leading to (S/ N) MW /(S/N) LMC 5 134. (Note that this overestimates the contrast achievable in practice; see Supplementary Information.)
The simulations used in this Letter are part of the Virgo Consortium's Aquarius Project 12 to simulate the formation of CDM haloes similar to that of the Milky Way. The largest simulation has a dark matter particle mass of 1,712M [ (where M [ is the solar mass) and a converged length scale of 120 pc, both of which improve by a factor of three on the largest previous simulation 13 . This particular halo has mass M 200 5 1.84 3 10 12 M [ within r 200 5 246 kpc, the radius enclosing a mean density 200 times the critical value.
Simulations of the same object at mass resolutions lower by factors of 8, 28.68, 229.4 and 1,835 enable us to check explicitly for the convergence of the various numerical quantities presented below.
The detectable annihilation luminosity density at each point within a simulation is L(x)~G(particle physics, observational set-up)r 2 (x)
where r(x) is the local dark matter density and the constant G does not depend on the structure of the system but encapsulates the properties of the dark matter particle (for example, annihilation cross-section and branching ratio into photons) as well as those of the telescope and observation. For the purposes of this Letter, we set G~1 and give results only for the relative luminosities and detectability of the different structures. In this way, we can quote results that are independent of the particle physics model and the observational details. Figure 1 shows the distribution of annihilation radiation within our Milky Way halo as a function of the resolution used to simulate it. This plot excludes the contribution to the emission from resolved substructures. Half of the emission from the Milky Way halo is predicted to come from within 2.57 kpc and 95% from within 27.3 kpc. For the lowest resolution simulation (1,835 times coarser than the largest simulation), the luminosity is clearly depressed below 3 kpc, but for the second-best simulation, it converges well for r . 300 pc, where r is the distance to the centre. Thus we infer that the largest simulation should give convergent results to r < 150 pc, and that numerical resolution affects the luminosity of the main diffuse halo only at the few per cent level. Note that much larger effects will be caused by the baryonic component of the Milky Way, which we neglect. This is expected to compress the inner dark matter distribution and thus to enhance its annihilation signal 14 , which would strengthen our conclusions. (See Supplementary Information for discussion of this and related topics.)
Within 433 kpc of the halo centre, we identify 297,791 and 45,024 self-bound subhaloes in our two highest resolution simulations. Many of these can be matched individually in the two simulations, allowing a crucial (and not previously attempted) test of the convergence of their internal structure. In Fig. 2 we show the results of such a test. The values inferred for V max show no systematic offsets between simulation pairs down to the smallest objects detected in the lower resolution simulation, suggesting that V max values are reliable above ,1.5 km s 21 in the largest simulation. Systematic offsets are visible in each simulation at small r max , reaching 10% on a scale that decreases systematically as the resolution increases. From this, we conclude that our largest simulation produces r max values that are accurate to 10% for r max . 165 pc. Figure 1 shows that almost all the annihilation signal from a halo comes from r = r max , corresponding to scales that are not well resolved for most subhaloes. In the following we will therefore assume the annihilation luminosity from the diffuse component of each subhalo to be L~1:23GV 4 max G 2 r max , the value expected for an object with NFW structure (here G is the gravitational constant).
When estimating the Milky Way's annihilation luminosity from our simulations, we need to include the following components: (1) smooth emission associated with the main halo (hereafter, MainSm); (2) smooth emission associated with resolved subhaloes (SubSm); (3) emission associated with unresolved substructure in the main halo (MainUn); and (4) emission associated with substructure within the subhaloes themselves (SubSub). (Here we do not discuss emission from dark matter caustics 15 .) These four components have very different radial distributions, both within the Milky Way and within its substructures. Neglect of this crucial fact in previous work (see below) has led to incorrect assessments of the importance of smallscale substructure for the detectability of the annihilation radiation.
The solid blue line in Fig. 3 shows M(,r)/M 200 , where M(,r) is the mass within r. Half of M 200 lies within 98.5 kpc and only 3.3% within the solar circle (r 5 8 kpc). The solid red line shows the corresponding curve for the MainSm annihilation luminosity, normalized by L 200 , its value at r 200 . This component is much more centrally concentrated than the mass; its half-luminosity radius is only 2.62 kpc. In contrast, the thick green line shows that the SubSm luminosity is much less centrally concentrated than the mass. This is a result of the dynamical disruption of substructure in the inner regions of the halo. thr at all radii. If we assume, in the absence of other information, that this behaviour continues down to a minimum mass of 10 26 M [ , which might be appropriate if the dark matter is the lightest supersymmetric particle 16 , then MainUn and SubSm have the same radial distribution. We predict these two components together to be 232 times more luminous than MainSm within r 200 , but still only 7.8 times more luminous within 30 kpc. A distant observer would thus infer the substructure population of the Milky Way to be 232 times brighter than its smooth dark halo, but from the Earth's position the total boost is predicted to be only 1.9 as the substructure signal typically comes from much larger distances.
We must now consider the additional luminosity due to (sub-) substructures (SubSub). Before a subhalo is accreted onto the main object, we assume its detailed structure to be similar to that of the main halo (including its subhalo population), but scaled down appropriately in mass and radius. (We have checked that such a scaling does indeed hold approximately for small independent objects outside the main halo.) However, once the subhalo is accreted, its outer regions are rapidly removed by tidal stripping. The longer a subhalo has been part of the main system and the closer it is to the centre, the more drastic is the stripping 17, 18 . As a result, most of the substructure associated with the subhalo is removed, whereas its smooth luminosity is little affected. The removed (sub-)subhaloes are, in effect, transferred to components SubSm and MainUn.
A subhalo at Galactocentric distance r is typically truncated at tidal radius r t 5 (M sub /[(2 2 dlnM/dlnr)M(,r)]) 1/3 r. We estimate its In this representation, the total emitted luminosity is proportional to the area under each curve. The particle mass (in units of M [ ) in the simulations is 1,712 for simulation Aq-A-1, and grows to 1.37 3 10 4 , 4.91 3 10 4 , 3.93 3 10 5 and 3.14 3 10 6 for simulations Aq-A-2, Aq-A-3, Aq-A-4 and Aq-A-5, respectively. The fluctuations at large radii are due to subhaloes below our detection limit. These curves were calculated by estimating a density local to each N-body particle through a Voronoi tesselation of the full particle distribution, and then summing the annihilation luminosities of individual particles in a set of logarithmically spaced spherical shells. Note that the vertical axis is linear, so these curves demonstrate numerical convergence at the per cent level in the detailed structure of our main halo down to scales below 1 kpc. Red, blue and green lines give similar median curves for matches of the lower resolution simulations to the highest resolution simulation, Aq-A-1. b, As above, but for the ratio of characteristic sizes (r max ) as a function of that in the highest resolution simulation. We have checked that convergence in the subhalo mass is similarly good and that these results apply equally well to subhaloes inside 50 kpc.
SubSub luminosity by assuming that all material beyond r t is simply removed. The remaining SubSub luminosity can then be obtained from the curves of Fig. 3 if we scale them to match the measured parameters of the subhalo (M sub , V max and r max ). We assume that the r 200 of the subhalo before accretion was proportional to its present V max . (r 200 is indeed nearly proportional to V max for isolated haloes in our simulations.) We further assume that the ratio of subhalo mass to SubSub luminosity within r t corresponds to the ratio between main halo mass and SubSm luminosity (from Fig. 3 ) within the scaled radius r t /f, where f 5 (V max /209 km s 21 ). We must also correct for the SubSub luminosity below the mass limit M min 5 10 5 f 3 M [ , scaling down the resolution limit of our simulation appropriately for the subhalo. The SubSub luminosity must then be boosted by a factor of (M min /M lim ) 0.226 , where M lim is the free-streaming mass (which is 10 26 M [ in the example given above). For definiteness, we adopt M lim 5 10 26 M [ in the discussion below, although none of our conclusions would change if we adopted, for example, M lim 5 10 212 M [ . We now consider the expected appearance and detectability of these various components. The diffuse emission from the Milky Way's halo (MainSm) is distributed across the whole sky, falling away smoothly from the Galactic Centre. A randomly placed observer at r 5 8 kpc would see half the flux within 13u of the Galactic Centre, most of this well outside the Galactic plane where contamination is strongest. Assuming NFW structure for individual subhaloes, half the diffuse emission from each object falls within the angular radius corresponding to r half 5 0.089r max . Because of their large typical distances, these subhaloes are almost uniformly distributed across the sky. The luminosity from unresolved subhaloes (MainUn) is similarly distributed and will appear smooth in c-ray sky maps, with a centre to anticentre surface brightness contrast of only 1.54. Half the luminosity from (sub-)subhaloes within an individual subhalo falls within an angular radius corresponding to ,0.6r t ; this is usually much more extended than the SubSm emission from the same subhalo.
This information allows us finally to calculate the relative detectability of the various components. As argued above, the signal-to-noise ratio for detection by an optimal filter against a bright uniform background can be written as S/N / F/h h , where F is the total flux, h h is the angle containing half this flux, and the constant of proportionality depends weakly on profile shape but strongly on the particle physics and observational parameters (the factor G above). To account for the finite angular resolution of the observation, we replace h h with h 0 h~h 2 h zh 2 psf 1=2 . For example, h psf < 10 arcmin is the characteristic point spread function of the LAT detector of the recently launched Fermi Gamma-ray Space Telescope (formerly GLAST) at the relevant energies 19 . In reality, the background at these energies is not uniform and is relatively poorly known 20, 21 . In the Supplementary Information, we show that this is likely to reduce the detectability of the main smooth halo relative to that of subhaloes by a factor of up to ten in comparison with the numbers we quote below, which are based on the simple assumption of a uniform background.
In Fig. 4 we combine data for 1,000 randomly placed observers at r 5 8 kpc. Figure 4a shows histograms of the S/N for detecting SubSm and SubSub emission from the 30 highest-S/N subhaloes, and also shows the expected S/N for known satellites of the Milky Way. These are all expressed in units of the S/N for detecting the MainSm emission. Three important conclusions follow immediately: (1) no subhalo is expected to have S/N more than ,10% that of the main halo, even accounting for the expected effects of the non-uniform background;
(2) the most easily detectable dark subhalo is predicted to have five times larger S/N than the LMC; and (3) the S/N predicted for SubSub emission is always much lower than that predicted for SubSm emission because of the much greater angular extent of the former. Figure 4b-f shows histograms of the masses, V max values, distances, angular half-light radii, and fluxes (relative to the flux from the main halo) of the 30 highest-S/N subhaloes. These are compared with the distributions for the known satellites of the Milky Way where appropriate. For the fluxes and half-light radii we show separate histograms for the SubSm and SubSub emission. A second set of conclusions follow. If subhaloes are detected, then the highest-S/N systems will (4) typically have masses and circular velocities well below those inferred for the currently known satellites of the Milky Way; (5) have angular half-light radii below 10 arcmin and so will not be resolved by Fermi; (6) be at distances ,4 kpc; and (7) typically have SubSm and SubSub fluxes that are factors of 10 24 and 10 26 times lower than those of the main halo, respectively.
These conclusions differ substantially from earlier work. Very small-scale substructure (below the resolution limit of our simulations) does not affect the detectability of dark matter annihilation in the Milky Way's halo. This is true both for the smooth main halo (contradicting refs 4, 5, 22, among others) and for its subhaloes (contradicting refs 6, 23, 24) . Emission should be much more easily detected from the main halo than from subhaloes (contradicting refs 25, 26, but in agreement with ref. 27 ), even though the total flux is dominated by substructures (contradicting refs 28, 29) . The most easily detectable subhalo is expected to be a relatively nearby object of lower mass than any known Milky Way satellite (contradicting refs 23, 25) . Almost all of these differences stem from the differing spatial distribution of small-scale substructure and smooth dark matter, which our simulations are able to trace reliably because of their high resolution.
The Fermi satellite is now in orbit and accumulating a c-ray image of the whole sky. If supersymmetry exists and the parameters of the theory are favourable, in a few years we may have a direct image of the Galaxy's dark halo. If we are really lucky, we may also detect substructures both without and with stars. This would provide a convincing confirmation of the CDM theory.
